Abstract-As implantable devices become increasingly sophisticated, there is a strong need for developing a wireless data communication channel between these devices and external computers. This important problem has heen studied and an antenna is being designed based on the volume conduction of biological tissues. Closed-form equation and finite element analyses were performed for the case of brain implantation using a spherical volume conduction model of the head. A 2D proof of concept was done showing the influence of a volume conductor reflector on volume currents, exhibiting changes in the far field as controlled by the near field. A 3D finite element analysis showed an increased signal transduction of 35% as compared lo the 3D analytical analysis, which was not able to simulate the epoxy.
I. INTRODUCTION
There exists a need for bidirectional data communication between devices in v i m and in vivo unconstrained by wires traversing the skin. Advantages arise, as there is a nearly infinite amount of computing power outside of the body versus a limited amount of such power inside due to the constraints of available space and energy. Peripheral computing power can be concerned with problems of signal processing and other computationally intensive procedures, whereas an in vivo device(s) can perform very specialized tasks thus minimizing its size, weight, and energy consumption, while greatly enhancing performance. Thus, wireless communication is required through biological tissues of the human body.
Researchers have previously AM ME^-* been successful in modeling , * ?
these tissues as a volume conductor for the study of bioelectric events. We apply these models to design an efficient volume conduction antenna to both Implamblacesnn send and receive. The volume conduction design differs from sides of the fluid to nansmit data. Our preliminary experimental results [I] have shown that two concave-shaped antenna elements located on opposite sides of an implantable device ( Fig. 1) is an efficient design. In this paper, we present simulation results of the antenna, focusing on the determination of the exact shape and orientation of the antenna. These simulated shapes are semicircular, parabolic, elliptical, and hyperbolic. We show that these conic sections can divert power from the near field to the far field, enhancing the performance of data communication.
METHODS

A. General Techniques
To show proof of concept that the far field can be affected by near field changes, a 2D numerical analysis was done comparing the antenna elements with and without a reflector (Figs. 2 and 3, respectively). The antenna elements a x simulated only with an insulator pendent on the frequency of the signal. Further, to work in the linear range of human tissue, the frequency should be below 10 kHz. This results in an unreasonably large antenna size, on the order of lo4 m.
RF energy is shielded by the conductive fluid of the body whereas volume conduction uses this conductive flector, the equipotential lines are nearly symmetric from the top to the bottom of the antenna, however, with the reflector, the equipotential lines are skewed towards the surface, thus improving directivity of the antenna, proving that the reflector can interact with the near field and thus alter the far field. For the closed-form and 3D numerical optimizations, the shape (conic section), curvature and angle of inclination were left as variables to he optimized. The curvature index is a measure of the openess or closedness of the antenna elements.
For the circular shape, large curvatures yielded extremely small antenna elements, so the index did not range as high as compared to other shapes, as can he seen in Fig. 4 . The angle of inclination, Q, is a measure of the amount of rotation of each antenna element around its long axis.
E. Closed-Form Equation Analy.sis (Analyrical)
The problem of designing a volume conduction antenna is similar to the forward problem of the EEG. This problem involves placing an ideal current dipole inside of a model of the head and determining the resulting potential. An ideal current dipole assumes that the current source and sink are infinitely close with an infinite current between them, which results in a finite current dipole moment. However, to simulate properly the currents produced by the antenna plates the source and sink must be separated. Therefore, a non-ideal current dipole is most attractive. To solve this problem, a solution from [2] , seen in (l), was used which gives the close&form solution of the potential for an arbitrarily placed and spaced current dipole in a homogeneous sphere.
C. Finite Element Analysis (NumericulJ
A finite element analysis was performed with the same experimental parameters as the closed-form solution, however, the epoxy was simulated. FEMLab (Burlington, MA) was used to perform these analyses. Conductivities of 100/222, (1084)/222, and 11222 Slm were applied to the sphere, antenna elements, and epoxy respectively. A Neumann boundary condition was applied on the external boundary according to the following equation,
Ir=R
where Rz7.5 cm is the radius of the sphere. Equation (2) has the physical meaning that the normal component of the current at the head-air interface is zero.
RESULTS
The maximum potential difference is plotted versus the angle of inclination an.d the curvature index for the numerical results in Fig. 4 . The analytical results are not shown, hut have an almost identical result as the numerical, although the potential difference is baseline-shifted down. The maximum potential difference is 39.1 mV. The parabola. elliptical, and hyperbolic shapes performed nearly identically. Comparing the analytical (not shown) and numerical results, a maximum increase of about 35 percent is evident.
IV. DISCUSSION The results of both the analytical and numerical analyses show that increasing the curvature increases the potential. This is intuitive because as an antenna element is closed, the current field becomes compressed and is therefore more focused. The maximum potential for an angle of about 45 degrees seems to depend on the distance from the surface. One can imagine that if the antenna was placed in the middle, it would he expected that the maximum potential would occur for an angle of zero degrees. Likewise, if it was at the surface, the angle should he slightly less than 90 degrees. Further testing will have to be done to confirm this.
The finite element simulation was effective in showing that the epoxy is essential for increased signal transmission efficiency. Although essential, the epoxy did not reveal which conic section would be most appropriate. This was an important step, though, as it confirmed the analytical results. The finite element analysis will also he important in allowing us to test other novel antenna designs. Future work will include the volume conductor reflector in 3D simulations and simulation of the geomeny and material propenies of the head more closely.
